r The brainstem catecholaminergic (CA) modulation on ventilation changes with development. r We determined the role of the brainstem CA system in ventilatory control under normocapnic and hypercapnic conditions during different phases of development [postnatal day (P)7-8, P14-15 and P20-21] in male and female Wistar rats.
Introduction
Breathing is a process that involves complex interactions between the brain, spinal cord, cranial and spinal nerves, and muscles and lungs, as well as neurotransmitters and receptors. Despite being functional shortly after birth, several studies have shown that the respiratory neural network undergoes a significant maturation process during the postnatal phase, including changes in electrophysiological properties (Nunez-Abades & Cameron, 1995; Parkis & Berger, 1997; Imber et al. 2014) , adjustments in respiratory rhythmogenesis (Onimaru et al. 1997) , and functional and structural alterations of neurotransmitters, neuromodulators and receptors (Greer et al. 2006; Anju et al. 2013; Wong-Riley et al. 2013) .
Several studies have shown that different components of the neuronal circuitry are important for the maturation of the respiratory network; among them is the catecholaminergic (CA) system (Hilaire, 2006; Viemari & Tryba, 2009; Funk et al. 2011) . Indeed, disruptions of the noradrenergic system during the prenatal phase affects the brainstem respiratory neurones responsible for the breathing generation Hilaire, 2006) . In this regard, in Phox2a-mutant foetuses lacking A6 noradrenergic neurones, respiratory frequency is lower and the variability of cycle duration is higher compared to wild-type mice . In addition, the activity of the mutant respiratory rhythm generator was altered in response to central hypoxia and noradrenaline, suggesting that A6 neurones (which are a source of tonic excitatory drive to the respiratory rhythm generator) are crucial for normal development of respiratory rhythm in foetuses and neonatal mice.
It is well established that brainstem CA cell groups are involved in chemoreception and cardiorespiratory control (Guyenet, 1991; Bianchi et al. 1995; Shirasawa et al. 2000; Dawid-Milner et al. 2001; Hilaire et al. 2004; Viemari et al. 2004; Li & Nattie, 2006; Biancardi et al. 2008; Abbott et al. 2013; Wenker et al. 2017) . For example, specific lesions of brainstem CA neurones by I.C.V. injection of conjugated saporin anti-dopamine β-hydroxylase (DβH-SAP) decrease breathing frequency and chemosensitivity in adult male rats (Li & Nattie, 2006) . For specific brainstem CA nuclei, it is known that (i) A1/C1 contribute to the respiratory rhythm modulation (Zanella et al. 2006) ; (ii) most of the chemoafferent fibres arising from the carotid bodies terminate in the NTS in the caudal part of the A2 cell group (Finley & Katz, 1992) and (iii) the A6 neuronal group are considered to act as central respiratory chemoreceptors (Gargaglioni et al. 2010) . The A5 group has direct projections to the spinal cord and medullary areas involved in respiratory control (Dahlstroem & Fuxe, 1964; Byrum & Guyenet, 1987; Jansen et al. 1995) and the A7 neurones provide a major noradrenergic excitatory drive to hypoglossal motoneurones, determining the level of upper airway motor tone during wakefulness (Fenik et al. 2008) . According to Menuet et al. (2014) , optogenetic activation of the C3 group promotes an increase in the respiratory rate and sympathetic activity in rats. However, the role of brainstem CA neurones in ventilation during development, and also whether this control is dependent upon sex, remains to be fully investigated.
CA neurone dysfunction is also linked with the occurrence of some pathological conditions because studies have correlated the functioning and development of the A1/C1 and A2/C2 regions, as well as other noradrenergic groups, with the rise of Rett syndrome, a disorder in which the number of CA neurones is reduced . Adequate maturation of the respiratory system also encompasses the integrity of CA pontine and medullary regions. In vitro studies in mice have shown that knockout animals lacking the Rett gene (Mecp2, encoding the transmembrane receptor tyrosine hydroxylase) are not able to exhibit rhythmic nerve activity . Furthermore, animals mutant for the Phox2a transcription factor (which causes significant neuronal loss of noradrenergic neurones, mainly in the A6 region) present dysregulation of noradrenergic signalling and ventilation impairment, similar to that observed in patients with congenital central hypoventilation syndrome (Nobuta et al. 2015) . Sudden infant death syndrome (SIDS) victims may frequently present brainstem noradrenergic deficits (Ozand & Tildon, 1983; Denoroy et al. 1987; Takashima & Becker, 1991; Kopp et al. 1993; Obonai et al. 1998; Cann-Moisan et al. 1999; Ozawa et al. 1999; and commonly display mutations in genes involved in the specification of noradrenergic phenotype (Weese-Mayer et al. 2004) .
Given the importance of further understanding the role of CA neurones in ventilatory control, the present study aimed to investigate the involvement of brainstem catecholaminergic neurones on respiratory control and breathing variability in normoxic, normocapnic and hypercapnic conditions during the postnatal development of male and female rats [postnatal day (P) 7-8, 14-15 and 20-21] through chemical injury by injection of conjugated saporin anti-DβH-SAP into the fourth ventricle.
Materials and methods

Animals
Pregnant Wistar female rats were housed under a 12:12 h light/dark cycle (lights on 06.30 h) in a temperature-controlled chamber maintained at 24-26°C (ALE 9902001; Alesco Ltda, Monte Mor, SP, Brazil) with food and water provided ad libitum. Six days before giving birth, the pregnant females were placed in separate cases. Experiments were performed on unanaesthetized male and female rats (P7-8, P14-15 and P20-21) obtained randomly from different litters. All pups were born in our animal care facilities and stayed with the mother throughout the pre-and postoperative phase. The experiments were performed between 08.00 h and 18.00 h, during the light phase. The study was conducted in compliance with the guidelines of the National Council of Control in Animal Experimentation (CONCEA-MCT-Brazil) with the approval of the Faculty of Agricultural and Veterinary Sciences Animal Care and Use Committee (CEUA-FCAV-UNESP-Jaboticabal campus; Protocol: 02991/14). All investigators understand the ethical principles under which The Journal of Physiology operates and their work complies with the animal ethics checklist described by Grundy (2015) .
Drug and gas mixture
DβH-SAP (420 ng μL −1 ) (Advanced Targeting Systems, San Diego, CA, USA) was dissolved in PBS (0.01 M, pH 7.4). This toxin is highly specific with respect to causing lesions of adrenergic and noradrenergic neurones, binding only to cells expressing the vesicular enzyme, dopamine β-hydroxylase (Wrenn et al. 1996) . The hypercapnic gas mixture (7% CO 2 , 21% O 2 , balance N 2 ) was purchased from White Martins Gases Industrials Ltda (Sertaozinho, SP, Brazil).
Surgical procedure and lesions
All surgical procedures were performed under anaesthesia with isoflurane (5% induction and 1% maintenance; BioChimico, Rio de Janeiro, Brazil). The heads of the animals were shaved when necessary and fixed to a David Kopf stereotaxic apparatus (Model 900 Small Animal Stereotaxic; David Kopf Instruments, Tujunga, CA, USA; adapted for neonates). The skin was sterilized with betadine solution and alcohol, followed by a local anaesthetic and vasoconstrictor (lidocaine 2%, 0.1 mL) injected under skin. A heated surgical table (Bonther, Ribeirao Preto, Brazil), kept at 38°C, was used to maintain the body temperature of the animals during surgery.
For selective chemical lesions, a Hamilton microsyringe (5 μL -Mizzy, 200 μm outer diameter; Sutter Instrument Co., Novato, CA, USA), attached to a polyethylene tube (PE-10) connected to a 30-gauge (3G) needle, was used to perform the microinjections into the fourth ventricle. Because cranial fissures are still not well defined at the ages during which the lesions were performed, the anterior-posterior position (AP) was established from the posterior occipital fissure through prior co-ordinate delineation. In all surgeries, the tower angle was 0°. For P0-1, AP: −0.7 mm; L: 0; dorsal-ventral (DV): −2.0 mm deep from the skull; for P7-8, AP: −1.0 mm; L: 0; DV: −3.5 mm and for P13-14, AP: −1.5 mm; L: 0; DV: −5.0 mm.
The tip of the 3G needle was inserted into the fourth ventricle for DβH-SAP injections (420 ng μL −1 ; 1 μL for P0-1, 1.5 μL for P7-8 and 2.0 μL for P13-14). Control rats were injected with vehicle (PBS, 0.01 M, pH 7.4) or unconjugated SAP, with the respective volumes for each age, as described for the DβH-SAP group. All injections were performed using a microinjector pump (model 310; Stoelting Co., Wood Dale, IL, USA) over a period of 5 min to allow drug diffusion. At the end of microinjection, the skin of the animal was sutured with surgical glue (Dermabond Topical Skin Adhesive; Johnson & Johnson, Sao Paulo, Brazil) . Subsequently, the animals were relocated to another heated table until they recovered from anaesthesia. The animals were treated with antibiotic (enrofloxacin, 10 mg kg −1 , I.M.; Bayer SA, Sao Paulo, Brazil) and analgesic (flunixin meglumine, 2.5 mg.kg −1 , S.C.; Schering-Plough Santé Animale, Segré, France) agents for 3 days after surgery. Experiments were performed 7 days after surgery. 
Measurements of ventilation
Measurements of ventilation (V E ) were performed using the pressure-plethysmography method (P7-8 and P14-15), as described previously (Mortola, 1984; Cummings et al. 2011; Mortola & Frappell, 2013) , and a whole-body plethysmography-closed system (the barometric technique; P20-21) (Drorbaugh & Fenn, 1955; Bartlett & Tenney, 1970; Biancardi et al. 2008; Patrone et al. 2014) . Thus, for P7-8 and P14-15, the animal's body was placed inside the chamber (50 mL for P7-8, made from a syringe; 80 mL for P14-15, made from a graduated cylinder), whereas, in another chamber, the head was separated and sealed by a pliable neck collar of plastic film. The head remained in the other chamber, made from a small plastic container (15 mL and 30 mL, respectively), through which room air or a hypercapnic (7% CO 2 ) gas mixture was delivered. The two chambers were connected and sealed with thread sealing. During theV E measurements, airflow was not interrupted. The pressure signal recorded in the body chamber during breathing (the animal's ribcage movement) was directly proportional to tidal volume (V T ). Volume calibration (0.2 mL of air for P7-8 and 0.4 mL for P14-15) was performed during each experiment using a graduated syringe connected to the body chamber, which allowed for the calibration of pressure signals (volts) to V T (mL). The values were normalized to the animal weight. The pressure oscillations as a result of respiration were monitored by a differential pressure transducer (TSD 160A; Biopac Systems, Santa Barbara, CA, USA). The signals were fed into a pre-amplifier (DA 100C; Biopac Systems), passed through an analogue-to-digital converter and digitized on a microcomputer equipped with data acquisition software (MP100ACE; Biopac Systems). The sampling frequency was 200 Hz. The results were analysed using data analysis software (PowerLab System/LabChart Software, version 7.3; ADInstruments, Sydney, Australia). Two respiratory variables were measured: respiratory frequency (f R ) and V T .V E was obtained from the multiplication of both variables and normalized to the animal weight.
The body and head chambers were placed inside of a water bath chamber coupled with a heater maintained at 33°C for P7-8 and 30°C for P14-15 (Model 9112 -Serial G48325; PolyScience, Niles, IL, USA), allowing for precise control of the surrounding temperature of the animal and thus keeping the animal's body temperature constant (36°C), in accordance with Julien et al. (2008) , as well as previous measurements performed in our laboratory to ascertain the ambient temperature around newborns when they were housed their mothers.
Unlike P7-8 and P14-15, the barometric method was used to record ventilation of P20-21. To this end, the animal was placed in a Plexiglas experimental chamber (700 mL) for an acclimation phase of at least 30 min before starting records at an ambient temperature of 25°C. DuringV E measurements, airflow was interrupted and the animal chamber remained fully sealed for ß1 min. The airflow was 0.7 L min −1 , using a flow meter coupled to a suction pump (Mass Flow System; Sable Systems International, Inc., Las Vegas, NV, USA) at the air outlet of the chamber. The pressure oscillations as a result of changes in temperature and humidity promoted by ventilation of the animal were monitored using a differential pressure transducer. Volume calibration was performed for each experiment by injecting 0.6 mL of air into the animal chamber using a graduated syringe. V T was calculated with the appropriate formula from Drorbaugh and Fenn (1955) :
where P T is the pressure deflection associated with each V T , P K is the pressure deflection associated with the injection of the calibration volume (V K ), T A is the air temperature in the animal chamber, P B is the barometric pressure, P C is the water vapor pressure in the animal chamber, T C is the body temperature and P R is the vapor pressure of water at T C .V E was calculated as the product of the f R and the V T .V E and V T are presented under conditions of ambient barometric pressure, at T C and saturated with water vapor. T C was monitored by a rectal thermometer at three different times (before starting the experiment, before CO 2 exposure and at the end of the experiment) and the air temperature in the animal chamber was constantly monitored using a thermoprobe (model 8502-10; Cole Parmer, Chicago, IL, USA). P C was calculated indirectly using an appropriate table (Dejours, 1981) .
Measurements of O 2 consumption
The method of indirect calorimetry (oxygen consumption, V O 2 ), by the Pull mode configuration, was used to infer metabolic rate through an open respirometry system (Mortola, 1984; Cummings et al. 2011) . The oxygen analyser pump (ADInstruments) was connected to the outlet port of the animal's head chamber to control the inflow gas rate (100 mL min −1 for P7-8 and 150 mL min for P14-15). For P20-21 animals (150 mL min −1 ), a Mass Flow System (Sable Systems International, Inc.) was coupled to the plesthymographic chamber outlet to control the airflow inside the chamber (700 mL min −1 ). For all age groups, the expired gas was dried through a small column of Drierite (WA Hammond Drierite Co. Ltd, Xenia, OH, USA) before passing through the analyser. The air was continuously sampled by the O 2 analyser, allowing for the determination ofV O 2 using the data acquisition program (PowerLab System/LabChart Software, version 7.3).
The oxygen consumption (V O 2 ) was calculated using the formula (Depocas & Hart, 1957) :
where Fl is the inflow rate of air in the chamber, F IO 2 is the inspired O 2 fraction and F EO 2 is the O 2 fraction expired. V O 2 was corrected for the body weight in kg and the values presented as standard conditions of temperature, pressure and dry air.
Experimental protocol
Effect of brainstem catecholaminergic neurones lesion (DβH-SAP) onV E andV O 2 during normocapnia and hypercapnia in male and female rats (P7-8, P14-15 and P20-21).
Seven days after surgical intervention, P7-8 and P14-15 animals were individually placed into the body and head chambers, as described previously, and P20-21 rats were individually placed inside a plexiglass chamber and allowed to move freely. The chambers were initially flushed with room air (21% O 2 ) for at least 30 min during the acclimation phase. After the acclimation,V E andV O 2 were recorded in normocapnic conditions for 10 min. Subsequently, the animals were exposed to hypercapnic conditions (7% CO 2 air mixture) for 20 min. After CO 2 exposure, the chamber was ventilated again with room air for 35 min to allow for recovery of basal parameters. For P7-8 and P14-15, the measurements oḟ V E andV O 2 were recorded throughout the experiment for both control (SAP and PBS) and lesioned (DβH-SAP) animals. Analyses ofV E andV O 2 were performed after the completion of the normocapnic phase, at 5, 10 and 20 min of CO 2 exposure, and at the end of the recovery phase. For P20-21,V O 2 was recorded throughout the experiment for both the control (SAP and PBS) and lesioned (DβH-SAP) animals, and the ventilatory parameter measurements were performed after the completion of the normocapnic phase, at 5, 10 and 20 min of CO 2 exposure, and at the end of the recovery phase.
Assessment of DβH-SAP chemical lesion effectiveness and placement, as well as immunofluorescence staining for astrocytic glia. At the end of the experiment, the animal was deeply anaesthetized with ketamine (100 mg kg −1 of ketamine, I.P.; União Química Farmacêutica Nacional S/A, Sao Paulo, Brazil) and rapidly perfused intracardially using a pump machine (Masterflex; Cole-Parmer Instrument Company, Vernon Hills, IL, USA) with PBS (0.01 M, pH 7.4), followed by 4% paraformaldehyde (PFA) in 0.2 M phosphate buffer (PB). The brain was removed from the skull, postfixed with 4% PFA in 0.2 M PB, pH 7.4, at 4°C for 12 h, and then immersed in 30% sucrose solution for at least 48 h at 4°C. The brain was immersed in 2-methylbutane (Sigma, St Louis, MO, USA) and frozen (60 s) and fixed in Tissue Tek OCT (Sakura Finetek, Torrance, CA, USA) and then serial sections (35 μm) of the brainstem were made using a cryostat microtome (CM1860 -Ag Protect; Leica, Wetzlar, Germany). To confirm the correct placement and effectiveness of the chemical lesions, tyrosine hydroxylase (TH) immunoreactivity was assessed using a marker of CA neurones (Xu et al. 2003) . For this purpose, the sections were incubated for 30 min in a target retrieval solution (Dako, Glostrup, Denmark) at 70°C for an antigenic recovery process. Subsequently, the sections were incubated for 1 h in a bovine serum solution to prevent non-specific binding, followed by 48 h of incubation with a mouse monoclonal anti-TH antibody (dilution 1:10,000; Sigma) and 2 h of incubation with polyclonal rabbit anti-mouse immunoglobulins/biotinylated (dilution 1:1000; Dako). The biotinylated antibody was complexed with avidin DH-biotinylated horseradish peroxidase (Vector Laboratories, Burlingame, CA, USA) and the complex was developed by addition of the peroxidase substrate, 3,3'-diaminobenzidine tetrahydrochloride, in accordance with manufacturer's instructions (Sigma). The reaction was terminated by washing the slices in excessive amounts of PBS. Finally, the sections were mounted on gelatin-coated slides, dried, dehydrated with graded concentrations of alcohol, cleared in xylene, and sealed with a coverslip. Acceptable lesions were selected based on anatomical criteria and only those neonates with lesions of more than 70% of the brainstem CA nuclei were included in the present study.
For astrocytic glia immunofluorescence staining, the pre-incubation steps prior to adding the primary antibody were similar to those applied for TH immunoreactivity. The tissue sections were then incubated for 24 h with mouse monoclonal anti-glial fibrillary acidic protein (GFAP) (dilution 1:800) at room temperature, followed by 3 h of incubation with affinity-purified fluorescent dye-conjugated secondary antibody, goat anti-mouse IgG (Alexa Fluor 594; dilution 1:500; Thermo Fisher Scientific Inc., Waltham, MA, USA), at room temperature. The sections were then washed with PBS and mounted on gelatin-coated slides, dried and sealed with a coverslip.
Data analysis
The respiratory variables measured were tidal volume (V T ), respiratory frequency (f R ) and ventilation (V E ). Tidal volume was directly proportional to the pressure signals obtained from the chamber during breathing for the P7-8 and P14-15 rats. For P20-21 rats, V T was calculated with the appropriate formula as described by Drorbaugh and Fenn (1955) . Respiratory frequency was quantified by analysing the number of respiratory events J Physiol 596.15 per minute. Ventilation was obtained by multiplication of the two variables:V E = V T × f R and normalized with the animal weight. Additionally, the cycle duration of each respiratory event (T TOT ) and its variability were analysed. Poincaré analysis was applied for breathing variability, where the duration of each breath taken during normocapnia (120 s) was plotted against the duration of the next breath. We then calculated the width of the variation perpendicular to (SD1) and along the line of identity (SD2) from the ellipse that describes the distribution of the points (Brennan et al. 2001; Li & Nattie, 2006) .V O 2 was calculated with the appropriate formula and normalized with the animal weight, as described previously. The air convection requirement was obtained by dividing the values ofV E byV O 2 . All of the analyses were based on ß2 min recording intervals. All the results are reported as the mean ± SEM.
For each age, the respiratory and metabolic variables were compared between control and lesioned animals group across the time points by two-way repeated measures ANOVA, followed by Tukey's test for multiple comparisons. The comparison between sex within the same age group was performed by three-way repeated measures ANOVA. P < 0.05 was considered statistically significant.
The TH-immunoreactive (-ir) cells were analysed by light microscopy and labelled neurones were registered using an image analysis system (KS 300; Zeiss, Oberkochen, Germany). For quantification, CA neurones were counted bilaterally within the nuclei over the following co-ordinates (based on anatomical landmarks of adult rats from Paxinos & Watson, 1998 ) from bregma (in mm): A1/C1 -14. 60, 14.08, 13.68, 12.80, 12.30, 11.80 and 11.30; A2/C2 -14.60, 14.08, 13.30, 12.80 and 12.30; C3 -12.80, 12.30 and 11.80; A5 -10.80, 10.30, 9.80, 9.30 and 8.72; A6 -10.04, 9.80 and 9.30; A7 -8.80, 8.64 and 8.52 . For dopaminergic neurone quantification, the superior colliculus region at −7.80 and −7.30 mm from bregma was used for P7-8, and the A8 region at -7.04 and 6.72 mm from bregma was used for P14-15 and P20-21. Images were captured, and analyses were performed using ImageJ (http://www.rsb.info.nih.gov/nih-image). Representative sections from the control and lesioned groups were acquired at exactly the same co-ordinate. Statistical analyses of TH-ir cells were performed for each of the CA nuclei and compared among the control and lesioned groups of both sexes, at each of the ages tested, using one-way repeated measures ANOVA, followed by Tukey's post hoc test. The comparison between sex within the same age group was performed by two-way repeated measures ANOVA. P < 0.05 was considered statistically significant. All the results are reported as the mean ± SEM.
For GFAP immunofluorescence staining, astrocyte fibres were registered using fluorescence microscopy (Axio Imager Z; Zeiss) within the brainstem nuclei over the following co-ordinates from bregma (in mm): A2 -14.08; C3 -12.30; A6 -9.80. Representative sections from the control and lesioned groups were acquired at exactly the same co-ordinates. For quantification, GFAP immunofluorescence intensity was calculated by mean grey value per sampled area using ImageJ. Statistical analyses of GFAP staining were performed for each of the CA nuclei and compared among the control and lesioned groups of male animals, at each of the ages tested, using one-way repeated measures ANOVA, followed by Tukey's post hoc test.
Results
Immunohistochemistry for TH and immunofluorescence for astrocytes (GFAP)
The pattern of the lesion was very similar among the different age and sex groups. Figure 1 shows representative photomicrographs in a coronal plane of TH-ir cells of CA nuclei in the brainstem of P7-8 male animals ( Fig. 1A -C1; 1B -A2; 1C -C3; 1D -A5; 1E -A6 and 1F -A7) after SAP (left column) or DβH-SAP (middle column) injection into the fourth ventricle, demonstrating the effectiveness of the lesion. Successful lesions of CA nuclei were revealed mostly by the disappearance of TH-ir cells (Fig. 1 , middle column, and Table 1 ).
The reduction of TH-ir cells at CA nuclei after DβH-SAP lesion was quantified and the results for each age and sex are shown in Fig. 2 and Table 1 as the means of TH-positive cells counted per section, using the co-ordinates mentioned previously, for each brainstem CA region in control (SAP and PBS) and lesioned (DβH-SAP) animals. For P7-8 ( Fig. 2A and B) , and 2D) and P20-21 ( Fig. 2E and F) of both sexes, the reduction of TH-ir cells in all CA regions after DβH-SAP injection was equal to or higher than 70% compared to the control groups (P < 0.001, one-way ANOVA for all CA regions of all ages and sexes). In addition, statistical differences were not observed between age and sex regarding the pattern of the lesion in any of the CA nuclei. No difference was observed between the SAP and PBS groups. Furthermore, no changes were observed in dopaminergic nuclei for males of all ages (Table 2) , demonstrating the selectivity of the drug, as reported previously (Wrenn et al. 1996; Li & Nattie, 2006) .
Microinjection of conjugated or unconjugated SAP toxin into the brainstem did not cause damage in the astrocytic glia because no decrease in GFAP expression was observed in any of the brainstem CA regions ( Fig. 3A -A2 ; 3B -C3 and 3C -A6) after SAP (middle column) or DβH-SAP (right column) injection into the fourth ventricle. (C); A5 (D); A6 (E) and A7 (F), for control (SAP, left) and lesioned (DβH-SAP, middle) animals. Right: schematic drawing of the location of the nuclei (black circle) with an overview of the slice, together with the specific co-ordinates for each photomicrograph presented. The number of positive neurones for tyrosine hydroxylase was dramatically reduced in lesioned animals (middle). Scale bar = 100 μm. [Colour figure can be viewed at wileyonlinelibrary.com] 12.6 ± 1.7 * 26.7 ± 1.5 * 6.5 ± 1.3 * 9.0 ± 0.6 * 366.4 ± 28.5 * 12.6 ± 0.9 * P20-21 Male SAP 62.0 ± 4.1 117.7 ± 9.4 36.8 ± 3.9 36.3 ± 4.4 1506.5 ± 167.5 34.8 ± 6.1 PBS 56.9 ± 1.4 115.1 ± 8.1 28.8 ± 2.5 32.0 ± 3.4 1359.0 ± 114.9 32.1 ± 3.7 DβH-SAP 10.9 ± 1.1 * 25.5 ± 2.1 * 3.9 ± 0.6 * 7.0 ± 0.5 * 338.3 ± 30.6 * 8.5 ± 0.6 * Female SAP 61.9 ± 3.0 109.2 ± 1.9 32.7 ± 2.6 38.1 ± 4.0 1282.5 ± 35.9 41.0 ± 3.5 PBS 59.4 ± 1.5 99.3 ± 6.4 29.7 ± 2.3 31.1 ± 2.6 1261.5 ± 54.5 52.2 ± 2.0 DβH-SAP 11.1 ± 1.1 * 18.2 ± 2.9 * 3.6 ± 1.4 * 7.7 ± 0.5 * 220.0 ± 11.7 * 12.1 ± 1.0 * * Indicates a statistical difference in the number of TH-ir cells between the lesioned (DβH-SAP) and control (SAP and PBS) groups. All values are expressed as the mean ± SEM. Table 2 . Number of TH-ir cells per section present in dopaminergic nuclei (superior colliculus for P7-8, the A8 region for P14-15 and P20-21) of control (SAP and PBS) and lesioned (DβH-SAP) male rats Dopaminergic neurones P7-8 (superior colliculus region) SAP (n = 3) 895.5 ± 71.5 PBS (n = 3) 997.3 ± 17.9 DβH-SAP (n = 4) 902.6 ± 115.6 P14-15 (A8 region) SAP (n = 3) 290.6 ± 22.8
The number of TH-positive neurones did not change in the dopaminergic nuclei of lesioned groups for all ages, demonstrating the specificity of adrenergic and noradrenergic neurone lesions. All values are expressed as the mean ± SEM.
ages. Three animals per group were used in the analysis. The occurrence of gliosis was not observed in any of the treated groups because no significant difference was detected between them.
Ventilation and breathing variability
The lesion of brainstem CA neurones promoted significant changes in ventilation during postnatal development.
Figures 4, 5 and 6 show the effect of DβH-SAP on ventilation (V E ), tidal volume (V T ) and respiratory frequency (f R ) for P7-8, P14-15 and P20-21, respectively, for male (A) and female (B) rats. For P7-8, the loss of CA neurones resulted in a significant increase of 33% in restingV E in lesioned (DβH-SAP) animals compared to control (SAP and PBS) groups of both sexes (male: P < 0.01, two-way ANOVA; female: P < 0.02, two-way ANOVA) (Fig. 4A and B and Table 4 ) as a result of an increase in f R (male: P < 0.01, two-way ANOVA; female: P < 0.03, two-way ANOVA). However, for the other ages, DβH-SAP injection did not change ventilation during resting conditions, with the exception of a significant reduction in V T for P20-21 lesioned males (P < 0.02, two-way ANOVA) (Table 4) . Regarding the hypercapnic ventilatory response (HCVR), CO 2 exposure caused an increase in ventilation in all groups (P < 0.001, two-way ANOVA), which was a result of increases in V T and f R in control and lesioned animals. However, the HCVR was altered in male and female lesioned neonatal rats of all postnatal ages. At P7-8, the HCVR for lesioned males and females was increased by 37% (Fig. 4A) and 30% (Fig. 4B ), respectively (P < 0.001, two-way ANOVA for both sexes), as a result of a significant increase in V T (male: P < 0.01, two-way ANOVA; female: P < 0.03, two-way ANOVA). To better evaluate the role of brainstem CA neurones on CO 2 drive to control breathing at age P7-8, in that the basal ventilation is already higher in the lesioned (DβH-SAP) compared to control (SAP and PBS) groups, we calculated the slope of theV E curve between the time at normocapnia and 10 min of hypercapnia. We found a higher slope for lesioned rats compared to control groups for both sexes (male: 164.9 ± 6.5 for DβH-SAP vs. 124.5 ± 8.8 for SAP and 117.5 ± 11.5 for PBS; P < 0.002, one-way ANOVA; female: 157.3 ± 6.8 for DβH-SAP vs. 109.3 ± 11.7 for SAP and 117.1 ± 12.1 for 1182.4 ± 116.1 10.7 ± 0.7 109.0 ± 4.1 41.0 ± 2.9 28.9 ± 2.6 Female SAP 38.2 ± 1.9 846.0 ± 85.5 7.7 ± 0.8 109.5 ± 3.3 34.8 ± 0.7 24.5 ± 2.7 PBS 34.1 ± 0.8 875.4 ± 77.9 7.9 ± 0.8 111.0 ± 4.8 35.0 ± 0.8 25.1 ± 2.3 DβH-SAP 29.4 ± 2.1 * 1026.1 ± 61.4 9.8 ± 0.9 106.2 ± 6.3 39.5 ± 1.2 26.0 ± 1.5 P20-21 Male SAP 50.1 ± 2.3 1893.6 ± 87.1 12.7 ± 0.9 147.4 ± 4.5 54.7 ± 2.2 34.8 ± 1.8 PBS 53.4 ± 1.9 2048.8 ± 68.4 13.7 ± 0.6 145.3 ± 6.7 55.4 ± 6.3 41.8 ± 6.4 DβH-SAP 60.3 ± 3.4 * 1526.7 ± 75.3 9.4 ± 0.3 * 162.5 ± 7.1 54.1 ± 4.5 29.8 ± 2.8 Female SAP 50.6 ± 2.2 1561.8 ± 62.3 10.9 ± 0.3 143.2 ± 4.6 58.9 ± 2.6 27.1 ± 2.1 PBS 54.8 ± 2.8 1611.7 ± 61.5 11.5 ± 1.1 144.4 ± 9.2 55.3 ± 2.2 27.7 ± 1.9 DβH-SAP 47.6 ± 2.1 1794.9 ± 62.2 11.5 ± 0.7 158.8 ± 13.7 54.1 ± 4.9 34.1 ± 2.7 * * Evidence for a difference between control (SAP) and lesioned (DβH-SAP) group. * Evidence for a difference between lesioned (DβH-SAP) and control (SAP and PBS) groups. All values are expressed as the mean ± SEM.
PBS; P < 0.008, one-way ANOVA). For P14-15 animals, the increase inV E during hypercapnia was 37% higher for both male (P < 0.02, two-way ANOVA) (Fig. 5A ) and female (P < 0.03, two-way ANOVA) (Fig. 5B ) lesioned rats, also as a result of an increase in V T (male: P < 0.01, two-way ANOVA; female: P < 0.04, two-way ANOVA). A sex-specific difference was observed at age P20-21, where lesioned males showed a decreased HCRV by 33% (P < 0.01, two-way ANOVA) (Fig. 6A) as consequence of a reduction in V T (P < 0.01, two-way ANOVA), whereas lesioned females presented an increase in HCVR of 33% (P < 0.02, two-way ANOVA) (Fig. 6B) as a result of a higher f R (P < 0.03, two-way ANOVA). There were no sex differences at P7-8 and P14-15 in normocapnic or hypercapnic conditions; however, at P20-21, the ventilation at high levels of CO 2 was significantly different between males and females because male control groups (SAP and PBS) showed a higher tidal volume compared to female control groups (P < 0.003, three-way ANOVA), resulting in a higher ventilation (P < 0.001, three-way ANOVA). Of all the animals (P7-8, P14-15 and P20-21) used for the brainstem CA neurone lesions, 23% presented off-target and non-focused injections of DβH-SAP, and their ventilation was similar to control groups (SAP and PBS, data not shown). Figures 7 and 8 show the representative traces of the raw ventilatory data (described above) during resting ventilation (0% CO 2 ) and the hypercapnic (7% CO 2 ) condition of the SAP and DβH-SAP groups for P7-8 (Fig. 7A ), P14-15 (Fig. 7B ) and P20-21 (Fig. 8A , male, and 8B, female). It is possible to observe a higher frequency during 0% CO 2 , as well as a higher V T during 7% CO 2 , for P7-8 DβH-SAP-injected animals (Fig. 7A) . At P14-15, the DβH-SAP injection clearly increased V T during hypercapnia (Fig. 7B) . For P20-21 male rats, a lower V T can be seen in both normocapnia and hypercapnia for lesioned animals (Fig. 8A) , whereas, for females, the lesion of these neurones resulted in a higher f R during 7% CO 2 (Fig. 8B) .
With regard to breathing variability, Table 5 shows the values for cycle duration (T TOT ) variability during normocapnia (0% CO 2 ), and for 10 min of hypercapnia (7% CO 2 ), for P7-8, P14-15 and P20-21 control (SAP and PBS) and lesioned (DβH-SAP) male and female rats. The SD1 and SD2 parameters were used to quantify the distribution of the points. No significant difference was observed for the SD1 and SD2 parameters between groups for all ages and sexes in normocapnia or hypercapnia, except for male P7-8 lesioned animals, which showed a lower SD1 and SD2 during resting ventilation compared to control (SAP and PBS) groups (SD1: P < 0.002, one-way ANOVA; SD2: P < 0.001, one-way ANOVA). Figure 9 shows representative Poincaré plots of breath duration variability for male P7-8 control (SAP and PBS) and lesioned (DβH-SAP) animals at rest. As shown, the loss of brainstem CA neurones in P7-8 lesioned animals caused a reduction in the T TOT variability during normocapnia. Table 4 shows the body weights for all ages and sex groups. For P7-8 animals, the PBS-injected male group had a lower body weight compared to the SAP and DβH-SAP groups (P < 0.01, two-way ANOVA); however, female lesioned animals had a lower body weight compared to both control (SAP and PBS) groups (P < 0.01, two-way ANOVA). At age P14-15, male and female lesioned animals presented a significant reduction in body weight compared to the control (SAP and PBS) groups (P < 0.01, two-way ANOVA for both sexes). In addition, for age P20-21, only lesioned male animals had a higher body weight compared to control (SAP and PBS) groups (P < 0.04, two-way ANOVA). Figure 10 shows the effect of DβH-SAP on the air convection requirement (V E /V O 2 ) for P7-8, P14-15 and P20-21 male and female rats. For P7-8 males (Fig. 10A) and females (Fig. 10B) , lesioned animals had a higheṙ V E /V O 2 compared to control (SAP and PBS) groups during resting conditions (male: P < 0.01, two-way ANOVA; female: P < 0.05, two-way ANOVA) (Table 4) and CO 2 exposure (P < 0.01, two-way ANOVA for both sexes). For P14-15 male (Fig. 10C) and female (Fig. 10D ) lesioned groups showed a significant increase inV E /V O 2 during hypercapnia compared to control (SAP and PBS) groups (male: P < 0.03, two-way ANOVA; female: P < 0.04, two-way ANOVA), with no change in room air exposure (Table 4 ) and no sex differences observed. With regard to P20-21, a sex-dependent difference was observed foṙ V E /V O 2 during hypercapnia as a consequence of the results obtained for ventilation, in which lesioned males had a lowerV E /V O 2 during hypercapnia compared to control groups (P < 0.03, two-way ANOVA) (Fig. 10E) , whereas lesioned females showed a significant increase (P < 0.05, two-way ANOVA) (Fig. 10F) . Additionally, there were significant differences between male and female control groups (SAP and PBS) during CO 2 exposure (P < 0.001, three-way ANOVA). No significant difference inV E /V O 2 was observed for P20-21 under resting conditions.
Body weight and oxygen consumption
With regard to oxygen consumption (V O 2 ), Fig. 11 shows the effect of brainstem CA neurone loss onV O 2 for P7-8, P14-15 and P20-21 male and female rats. For P7-8 males (Fig. 11A) and females (Fig. 11B) , no difference inV O 2 was observed between control (SAP and PBS) and J Physiol 596.15 lesioned (DβH-SAP) animals, or between sexes, in either normocapnic or hypercapnic conditions. P14-15 lesioned animals presented only a higherV O 2 compared to the control (PBS) group at 20 min of CO 2 exposure for both males (P < 0.04, two-way ANOVA) (Fig. 11C ) and females (P < 0.01, two-way ANOVA) (Fig. 11D) . At P20-21, thė V O 2 also did not differ between the control and lesioned groups, or between sexes (Fig. 11E , male, and F, female), in either room air or CO 2 exposure. High levels of CO 2 did not result in changes in metabolic rate for any of the groups.
Discussion
The present study investigated the role of the brainstem CA system in ventilatory control under normocapnic and hypercapnic conditions during different phases of development (P7-8, P14-15 and P20-21) in male and female Wistar rats, using a specific and potent toxin for lesioning adrenergic and noradrenergic neurones (DβH-SAP) (Wrenn et al. 1996) . The results obtained demonstrate that brainstem CA neurones produce a tonic inhibitory drive affecting breathing frequency in P7-8 rats and increasing breathing variability in males at this age. In addition, we showed that CA neurones provide an inhibitory drive during hypercapnic conditions in both males and females at P7-8 and P14-15; however, at P20-21, these neurones become excitatory for the CO 2 ventilatory response in males but remain inhibitory in females.
The present study showed that injections of unconjugated SAP into the brain did not cause any disturbance to the evaluated parameters. According to Lin et al. (2013) , when used as a control substance, unconjugated SAP preferentially acts on astrocytic glia and occasionally damages neurones, which could negatively affect the performance of the cells and, consequently, result in an underestimated conclusion of the studied behaviour. Because SAP and PBS groups of all ages and sexes shared a very similar pattern of response, even having similar numbers of neurones affected by the treatment, we are convinced that the results obtained in the present study are not influenced negatively by this possible action of the unconjugated SAP on the glial cells. Additionally, the quantification of immunofluorescence for astrocyte fibres strengthens the notion that glial cells remain intact in both SAP-and DβH-SAP-injected animals.
Under normocapnic conditions, both male and female P7-8 lesioned neonates presented an increased ventilation (ß33%) compared to their respective control groups, suggesting that brainstem CA neurones exert a tonic inhibitory modulation on the respiratory network at this age. This result corroborates previous findings showing the inhibitory role of CA neurones located in the A5 region on respiratory rate during room air conditions (Errchidi et al. 1990 (Errchidi et al. , 1991 Viemari et al. 2003) ; specifically, in the present study, P7-8 neonatal ventilation was significantly higher as a result of an increase in breathing frequency. Several studies using in vitro preparations of neonates demonstrated that A5 noradrenergic neurones exert a permanent inhibitory modulation on the respiratory rhythm generator via α2 receptors (Hilaire et al. 1989; Arata et al. 1998; Morin et al. 2000) . Indeed, the A5 inhibitory modulation is sufficiently potent to impair respiratory rhythmogenesis in in vitro preparations that retain the A5 area in mice (Hilaire et al. 1997) .
Interestingly, brainstem CA neurone lesions promoted a decrease in breathing variability, reducing short-and long-term respiratory variability in P7-8 males but not in females, despite the fact that a tendency for smaller variability was also observed in this sex. Thus, these data suggest that brainstem CA neurones increase breathing instability in early life, possibly acting on medullary respiratory groups. According to Dobbins and Feldman (1994) , A5 neurones project to the ventromedullary respiratory network in neonatal rats. Furthermore, A5 noradrenergic neurones tonically inhibit the ventromedullary respiratory neurones and reduce the respiratory frequency (Byrum & Guyenet, 1987; Viemari et al. 2003 Hilaire et al. 2004) . Therefore, the increase in respiratory frequency after DβH-SAP injection might be a prevalent effect of the lesion at the A5 region. Another possibility for the increased ventilation observed in lesioned neonate rats during normocapnia may be related to a reduction in the activation of inhibitory neurones of the pre-BötC neurones (Winter et al. 2009 ) by the CA neurones because a strong connection has already been reported between pre-BötC and the brainstem CA system, where pontine regions exert a dual and opposite modulation on the respiratory rhythm generator (Zanella et al. 2005) . The inhibitory effect on respiratory frequency, ventilation and breathing variability was only observed in Representative traces of raw ventilatory data taken during normocapnic (0% CO 2 ) conditions, and during 10 min of hypercapnic (7% CO 2 ) conditions, for control (SAP) and lesioned (DβH-SAP) males at P7-8 (A) and P14-15 (B). A higher frequency can be observed during 0% CO 2 , as well as a higher V T during 7% CO 2 , for P7-8 DβH-SAP-injected animals (A). At P14-15, the DβH-SAP injection clearly increased V T during hypercapnia (B).
[Colour figure can be viewed at wileyonlinelibrary.com] Representative traces of raw ventilatory data taken during normocapnic (0% CO 2 ) and hypercapnic (7% CO 2 ) conditions for control (SAP) and lesioned (DβH-SAP) P20-21 male (A) and female (B) rats. A lower V T can be seen in both normocapnia and hypercapnia for lesioned male animals (A), whereas, for females, the lesion of these neurones resulted in a higher fR during 7% CO 2 (B). [Colour figure can be viewed at wileyonlinelibrary.com] J Physiol 596.15
early neonates because baseline ventilation of P14-15 and P20-21 was not affected by the lesion, suggesting that CA neurones in later postnatal stages do not play a tonic role in ventilation or variability of breath duration. However, in P20-21 male rats, a decreased V T was observed in the lesioned group, although this alteration did not change ventilation. The results of the present study differ from those reported by Li and Nattie (2006) , who performed a similar protocol but with adult rats. According to Li and Nattie (2006) , lesions of CA neurones reduced the respiratory frequency by 16-17% during wakefulness, as well as in non-rapid eye movement (REM) sleep, indicating that these neurones provide a tonic excitatory drive that maintains a normal respiratory frequency in both states; however, ventilation was unchanged by this frequency alteration. Additionally, Li and Nattie (2006) observed that, in REM sleep, breathing variability is directly influenced by brainstem CA neurones. Therefore, the modulation by the CA neurones in the respiratory frequency and breathing variability may be age-and state-dependent, respectively. Neural networks, particularly the respiratory network, as well as CA and other respiratory related neurones and their projections, are actively maturing postnatally, especially in small rodents. The differential expression of ion channels, neurotransmitter receptor profiles and neurochemical composition underlying synaptic organization in many respiratory nuclei is still undergoing major adjustments at P12 and the mature state is not reached until P21 or later in rats . Specifically, with regard to the CA groups, the A6 area volume does not exhibit significant developmental changes from P1 to P10 rats; however, the number of A5 neurones is smaller in P3, P4 and P10 compared to P1-2 rats (Ito et al. 2002) . In agreement, the A5 inhibitory role on the respiratory rhythm generator appears to be stronger at birth than it is after a few postnatal days . Indeed, in a recent study, adult and juvenile rats with specific lesions of A5 neurones showed normal respiratory frequencies that were unaffected by the A5 lesion (Taxini et al. 2017) , with the same findings being observed after A6 noradrenergic lesions (Biancardi et al. 2008) . Accordingly, it appears that the role of noradrenergic neurones on basal ventilation is more prominent in early neonatal stages. Therefore, it is possible that lesions made in P1, P7 or P15 animals may affect different components of the respiratory network, CA development and projections.
Regarding the development of central chemosensitivity, the ventilatory response to CO 2 is unstable during the initial few weeks after birth (Putnam et al. 2005; Greer, 2012) . According to Stunden et al. (2001) , the response to high CO 2 levels is much more robust in P1-5 rats, with a tapering off of the response in P8-10 animals (Wickström et al. 2002) , until it becomes again more pronounced in P16-21 animals, where they reach levels typically found in adult animals. Another perspective for the development of a central chemosensitive response during the neonatal age is reported by Corcoran et al. (2009) , also consisting of three phases, being constant until the P10, rising subtly until P14, followed by a significant increase reaching the levels found in adult rats, corroborating the results of the present study. Additionally, the ventilatory response to hypercapnia during the early neonatal phase occurs mainly as a result of an increase in V T because f R changes very little (Saiki & Mortola, 1996; Stunden et al. 2001) . The results of the present study also demonstrate changes in the ventilatory response to CO 2 throughout development. All groups of all ages and sexes presented hyperventilation induced by hypercapnia, with variations in the respiratory variables that contributed to this hyperventilation throughout development. For example, P7-8 rats showed that hyperventilation induced by hypercapnia was the result of an increase in V T with no change in f R , whereas P14-15 and P20-21 rats increased both V T and f R . Studies conducted in neonates, as well as in adult animals, have demonstrated that catecholamines are an important group of neurotransmitters exerting an important modulation on the respiratory network and that some adrenergic and noradrenergic brainstem neurones are chemosensitive to CO 2 /pH (Guyenet, 1991; Bianchi et al. 1995; Nattie, 2001; Putnam, 2001 ). In addition, CA neurones, such as the A1/C1 and A2/C2 cell groups (Stornetta et al. 2006; Dubreuil et al. 2008; Conrad et al. 2009; Guyenet et al. 2013; Takakura et al. 2013) , the A6 (Biancardi et al. 2008; Gargaglioni et al. 2010 ) and the A7 regions (Pezzone et al. 1992; Senba et al. 1993; Damasceno et al. 2014) , participate in central or peripheral chemoreflex responses.
In the early neonatal stage (P7-8), CO 2 stimulation increased ventilation in all groups. Lesions of CA neurones caused higher ventilation; however, because the basal ventilation was already higher in the lesioned (DβH-SAP) animals compared to control (SAP and PBS) groups, the role of brainstem CA neurones on breathing control during hypercapnia may be liable to some misunderstanding. Lesioned animals may have reached their maximum ventilatory performance because the lungs and specific musculatures for ventilation are still undergoing a maturation process and might be unable to perform a higher ventilation in response to CO 2 exposure. Accordingly, aiming to better understand the role that CA neurones play during hypercapnic conditions, the slope of theV E curve was analysed, strongly indicating that a significant difference exists between lesioned (DβH-SAP) and control (SAP and PBS) groups of both sexes, as well as supporting the idea that these neurones exert an inhibitory effect on CO 2 -sensitive elements driving breathing. We cannot discard the possibility that specific nuclei participate in this response because we performed a substantial lesion of CA neurones and some sites may be excitatory to the hypercapnic ventilatory response, whereas others may be inhibitory (Putnam, 2001) . Because the catecholaminergic cell groups have different brain projections, they can differentially modulate breathing. For example, the A6 group contains a large percentage (>80%) of CO 2 -activated neurones (Oyamada et al. 1998; Johnson et al. 2008) and exerts an important excitatory modulation of the hypercapnic ventilatory response (Biancardi et al. 2008) .
At P14-15, both males and females of all age groups responded to hypercapnia with an increase in ventilation as a result of changes in V T and f R . The response of the lesioned group was amplified compared to the response of the age-matched SAP and PBS groups as a result of to a larger V T response, without any change in respiratory cycle. In addition, the enhanced ratioV E /V O 2 in the DβH-SAP group indicates true disturbances in chemosensitivity. Taken together, these data suggest that brainstem CA neurones of males and females at this age also exert an inhibitory effect on CO 2 -sensitive drive to breathing.
According to previous studies, postnatal respiratory development in rats does not follow a smooth path but, instead, the end of the second postnatal week is considered to be a critical period for respiratory development when abrupt changes occur (Liu & Wong-Riley, 2002 , 2010c . During this period, several neurochemical and physiological adjustments occur, leaving the system extremally sensitive to perturbations and insults (Liu & Wong-Riley, 2004 , 2006 , 2010a . Among these perturbations, a temporary imbalance between enhanced inhibition and suppressed excitation is evident both neurochemically, within the respiratory network (Liu & Wong-Riley, 2002; 2010c; , as well as electrophysiologically, in hypoglossal motoneurones (Gao et al. 2011) . Therefore, the inhibitory effect of CA neurones might be caused by these alterations in other neurotransmitters because these neurones project widely to other brain areas.
There are some possibilities that could explain the fact that CA neurones inhibit the CO 2 ventilatory response. CA neurones could indeed be inhibitory to the hypercapnic response during the postnatal phase, either directly acting as respiratory chemoreceptors to hypercapnic acidosis (Gargaglioni et al. 2010) or indirectly by inhibiting other chemosensitive nuclei, such as the retrotrapezoid nucleus (RTN) or the raphe nuclei. The RTN receives inputs from A5, A7 and the subcoeruleus regions (Cream et al. 2002; Rosin et al. 2006; Oliveira et al. 2016 ) and noradrenaline can increase or decrease the activity of RTN neurones by activation of α1 and α2 receptors, respectively . Another possibility is that CA neurones are acting on medullary 5-HT neurones that are chemosensitive. It is well established that CA neurones send strong inputs to 5-HT neurones, such as the raphe magnus, dorsal raphe and other medullary raphe nuclei (Hammond et al. 1980; Baraban & Aghajanian, 1981; Beitz, 1982 Proudfit, 1986; Kwiat & Basbaum, 1990; Herbert & Saper, 1992; Tanaka et al. 1996; Bie et al. 2003; Braz et al. 2009) , and noradrenaline exerts a direct tonic excitatory effect on the release of serotonin via α1 receptors, as well as an indirect tonic inhibitory influence via α2 receptors, probably located in noradrenergic nerve terminals (Adell & Artigas, 1999; Maejima et al. 2013) .
Another important point to highlight is that central CA neurones may, at least under some circumstances, have the capacity to release glutamate, ATP or substance P as a co-transmitter (Poelchen et al. 2001; Trudeau, 2004; Li et al. 2005) . VGLUT2 mRNA is present in most adrenergic neurones of the C1, C2 and C3 groups and in most noradrenergic neurones of the A2 group (Stornetta et al. 2002a, b) but not in the A6 region (Le Maître et al. 2013) . Therefore, we cannot rule out the possibility that effects on ventilation are being mediated by those other neurotransmitters released by CA neurones.
Interestingly, control males (SAP and PBS), but not control female rats, had a more robust response to CO 2 at P20-21. Therefore, it appears that males are more sensitive to CO 2 than females at this age. This finding is different from the study by Holley et al. (2012) , who reported that male rats have a more robust response to CO 2 at P10-11 and P14-15 than female rats; however, at P30, the male and female responses to CO 2 were similar. The difference between the present study and the previous study by Holley et al. (2012) might be related to difference in rat strains used (Wistar in the present study vs. Sprague-Dawley) or the difference in days considered for analysis; we considered juvenile rats to be aged 20-21 days, whereas Holley et al. (2012) performed experiments in P30 animals. Assessment of the sensitivity of central chemoreceptors to CO 2 in vivo indicates that the CO 2 threshold for the activation of RTN neurones is higher in females than in male adult mice (Niblock et al. 2010 (Niblock et al. , 2012 . Studies by Niblock et al. (2012) observed that female RTN neurones are activated after 10% CO 2 exposure, but not after 5% CO 2 exposure, in vivo. On the other hand, male RTN neurones are activated both when exposed to 5% or 10% CO 2 , indicating that there are sex differences in the CO 2 threshold required for the activation of the RTN neurones, with males having a lower threshold (Niblock et al. 2010 (Niblock et al. , 2012 , which might explain the differences in CO 2 responses that we found. Also, other chemosensitive regions, such as the locus coeruleus (LC), may be acting on this CO 2 response in a sex-dependent manner. According to Biancardi et al. (2008) , the LC noradrenergic neurones in males play an important role in the CO 2 ventilatory response because LC lesions in adult male rats resulted in a decreased CO 2 response by ß64% because of a lower V T , whereas, in adult females, LC noradrenergic neurones lesion were responsible for only 20% of the reduction in HCVR as a result of a decrease in f R (de Carvalho et al. 2017) . Thus, these data strongly suggest that sex differences exist in neuronal chemosensitivity.
Interestingly, the lesion of P20-21 CA neurones by DβH-SAP decreased the hypercapnic ventilatory response in males, whereas it increased in females, suggesting that neurones exert opposite roles in males and females at this age. Because we performed our experiments in pre-pubertal rats, these sex-related differences in respiratory control are probably not dependent on the circulating levels of gonadal hormones. Possibly, the different responses must be related to dimorphic nuclei, such as the LC. Indeed, the LC of females has a larger volume, greater dendritic fields, more neurones and dopamine-β-hydroxylase-immunoreactive cells than the LC of male rats (Guillamóm et al. 1988; Luque et al. 1992; Bangasser et al. 2011) , suggesting that the female LC could differentially affect CO 2 chemosensitivity. Recently, our group has demonstrated that LC noradrenergic neurones from adult female rats exert an excitatory modulation on the ventilatory response to CO 2 (de Carvalho et al. 2017 ); however, as described above, it has a smaller role in HCVR compared to males. Therefore, we suggest that this pattern of response may be influenced by the age of the animals studied, as well as by the influence of hormones in adulthood and by the role of other CA nuclei.
Another possibility for the sex-related differences in P20-21 is the presence of different adrenoreceptors in the respiratory nuclei. Noradrenaline has excitatory effects via α1 and inhibitory effects via α2 noradrenergic receptors. Although both receptors are present within the respiratory network, the balance between the two receptors might be sex-dependent. There are some nuclei, such as the cochlear root nucleus, that exhibit important sex-specific differences in gene expression of adrenoreceptors (Hormigo et al. 2015) . Furthermore, the LC of both female and male rats contain a distinct distribution of noradrenergic neurones that are accompanied by differences in adrenoreceptor stimulation at specific levels of the primary acoustic startle circuit, such as the cochlear root nucleus (Hormigo et al. 2015) . This could also occur in the adrenoreceptors of respiratory nuclei. Together with the differences found in the distribution of the LC neuronal density between males and females, this might help to explain the sex differences observed in the hypercapnic ventilatory response.
The data indicate the possibility of the existence of structural differences in male and female CA neurones or projections, which could lead to the observation of opposite effects in the CO 2 ventilatory response of CA neurones: a hypothesis strengthened by metabolic data, which did not differ between sexes. Indeed, CA neurones develop functional and morphological sexual dimorphism early at the embryonic stage, independent of any sex differences in the steroid environment, although they appear to be determined by primary somatic effects of sex-specific genes (Reisert et al. 1994; Raab et al. 1995) . This could lead to different sex-specific predispositions to different diseases, such Rett syndrome, SIDS, etc.
Conclusions
The results of the present study suggest that CA neurones of the brainstem exert an inhibitory tonic effect on P7-8 neonate rats, as well as an important inhibitory modulation of the ventilatory response to CO 2 in both sexes at P7-8 and P14-15. In pre-pubertal males, the modulation of the CO 2 response exerted by CA neurones becomes excitatory, whereas, in females, it remains inhibitory. As mentioned previously, some diseases, such as SIDS, congenital central hypoventilation syndrome and Rett syndrome, have been associated with abnormalities in the functioning of CA neurones (Obonai et al. 1998; Viemari et al. 2005; Nobuta et al. 2015) . Thus, a better understanding of the function of this system in the control of ventilation during different stages of development is necessary to clarify how CA neurone dysfunction can lead to the development of these diseases.
